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4. Summary and conclusion 
 
While fine processing technics on electronic devices are reaching the limitation of the atomic scale, 
the idea of utilizing electron's spin degrees of freedom, in addition to the electronic degrees of 
freedom, to achieve higher performance devices has been gathering great attention as spintronics in 
both science and industry. Controlling magnetization dynamics is one of the challenges for 
successful application of spintronic memory, logic, and sensing nano devices. Local magnetic fields 
have been used for this purpose, however, it is known that applying local magnetic fields causes 
difficulties in making scalable systems. Instead, current-induced spin torque such as the 
spin-transfer torque is also widely used for electrical manipulation of magnetization. The Joule 
heating caused by the electric currents, however, limits the energy efficiency. Hence, establishing 
more efficient means to control magnetization is indispensable for the future application. 
  As a direction of advance, the application of the topological properties has drawn much interest to 
achieve more efficient manipulation of the magnetization. For instance, in the interface of a 
topological insulator and ferromagnetic insulator, electrical control of the magnetic textures, 
magnetization switching induced by electric current, and spin-charge conversion have been studied 
theoretically and experimentally. 
  Recently, as a new class of topological matters, Weyl semimetals have been gathered much 
attention and intensely researched in the past decades. The Weyl semimetals is characterized by 
bulk gapless points called Weyl nodes and breaking of the inversion or time-reversal symmetry. 
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Close to the Weyl nodes, excitation is described by a three-dimensional linear dispersion which is 
analog of the Weyl fermion in high-energy physics. Attributing to this relativistic electronics 
structure, new physics beyond the topological insulator can be expected. Specially, the Weyl 
semimetal realized by spontaneous ferromagnetism possesses both topological and magnetic 
properties, therefore, it might be promising candidate for spintronics applications. 
  In this thesis, we aim to propose a new spintronics application of the ferromagnetic Weyl 
semimetals. To achieve the aim, we conduct our research in two phases. Firstly, we microscopically 
study spin-transport properties in Weyl semimetals, mainly focusing on electrically-induced spin 
torques. Then, based on the spin torque, we propose a new spintronics devices driven by the 
gate-voltage. 
 
Electrically-induced spin torques in Weyl semimetal 
Magnetization dynamics in a solid is described by the Landau-Lifshitz-Gilbert equation, 
 
where the last term is called a spin torque containing contribution from conduction electrons. Spin 
torque is an important physical quantity to determine magnetization dynamics. Because of strong 
spin-orbit coupling and the topological nature in the electronic structure in Weyl semimetals, spin 
torque can be distinct from those of conventional ferromagnetic metals. In this study, we analyze 
electrically induced spin torques mediated by the three-dimensional Dirac-Weyl electrons in 
magnetic Weyl semimetals. By employing phenomenological, semiclassical, and microscopic 
approaches, we calculate the conduction electron spin density as a response to an external electric 
voltage and currents. 
  Firstly, we examine induced-spin density as a response to electric voltage, and find that spin 
torque is generated by electric voltage in the presence of an external electric field, named as the 
charge-induced spin torque. We also find that the charge-induced spin torque is understood by the 
chiral anomaly, and experimentally observed as a frequency shift of a ferromagnetic resonance peak 
which is estimated as 〜3% for typical topological materials. 
  Secondly, we calculate current-induced spin torques such as the spin-orbit torque and 
spin-transfer torque. As a result, we obtain analytical expression of spin torques, and find that the 
spin-orbit torque is proportional to an axial current density, whereas the spin-transfer torque is 
understood as the Hall effect under axial magnetic fields induced by magnetic textures. 
  Finally, we summarize electrically induced spin torques in Weyl semimetal as 
 
where φ is electric potential, and coefficients will be presented in the main text. 
 
Voltage-driven magnetization dynamics in Weyl semimetals 
In this study, we analyze magnetization dynamics in a multilayer structure comprising the 
magnetic Weyl semimetal, an insulator, and a metal by solving the Landau-Lifshitz-Gilbert 
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equation with the charge-induced spin torque. As a result. we found that magnetization switching is 
driven by a pulsed electric voltage. In addition, precession motion is induced by the oscillating 
electric voltage, generating a spin current. These electric manipulations of magnetization require 
no constant current, therefore, spintronics devices with this mechanism might be energetically 
more efficient than ones with conventional current-induced torque. 
 
 
別 紙 
 
論文審査の結果の要旨 
 
 
ワイル半金属は３次元的な線形分散をもつ物質であり、質量ゼロの相対論的なフェルミオンのよ
うに電子が振る舞う。特に磁性ワイル半金属は強磁性秩序と強いスピン軌道相互作用を有するこ
とから、磁気的自由度と電気的自由度が非自明に結合することが期待できる。したがって磁性ワ
イル半金属は新しいトポロジカル電磁応答現象を探索する格好の対象であるとともに、次世代の
低散逸スピントロニクスデバイスへの応用の可能性も期待できる系である。しかしながら、これ
まで磁性ワイル半金属の磁気モーメントに対する電磁応答の研究はほとんど行われておらず、未
開拓分野のままであった。紅林大地提出の博士論文は磁性ワイル半金属において電気的に誘起さ
れる磁気トルクの理論解析行い、これまで知られている磁性体とは質的に異なったスピントルク
効果の発見、およびそれらを用いたデバイス応用の提案を行ったものである。本論文は以下の二
つの内容によって構成される。 
 
第一に、３次元磁性ワイル半金属の簡単なモデルに基づき、電気的に誘起されるスピントルクを
系統的に導出した。この磁性ワイル半金属の模型はディラック電子と局在磁気モーメントからな
り、これらが交換相互作用する。磁気トルクはディラック電子のスピン期待値を計算することで
求められ、ジュール発熱を伴わない電場誘起スピン移行トルク、およびワイル半金属のトポロジ
カルな性質であるカイラル異常に起因する電荷誘起スピントルクの二つが見出された。 
 
第二に、上で発見されたトポロジカルな起源をもつ電荷誘起スピントルクを用いたスピントロニ
クスデバイスを提案し、そこでの磁気モーメントの時間発展を、ランダウ・リフシッツ・ギルバ
ート方程式を用いたシミュレーションを用いて調べた。その結果、デバイスにパルス電圧をかけ
ることで局在磁気モーメントの方向が反転することがわかった。また振動電圧の下では局在磁気
モーメントが歳差運動を行う。したがって磁性ワイル半金属に常磁性金属を近接させることでス
ピン流を生成することが可能であることが明らかになった。 
 
これらの研究は、磁性ワイル半金属の特異な電磁応答の理論的探索・発見および低散逸スピント
ロニクスデバイスへの可能性示唆として学問的に高く評価され、自立した研究活動を行うに足る
高度の研究能力と学識を有することを示した。よって紅林大地提出の論文は博士（理学）の学位
論文として合格と認める。 
 
